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Profiles of alkenone concentration, the abundance of the calcified alkenone-producing

species Emiliania huxleyi and Gephyrocapsa oceanica as well as nutrient and phytoplankton

pigment concentrations were measured through the euphotic zone in surface waters of

the Gulf of California during cruises in two different summers (2004, 2005) and one

winter (2005). As determined using a biomarker and pigment inventory approach,

E. huxleyi and G. oceanica, always the most abundant coccolithophore species at all

sampling sites and seasons, represented only a minor fraction of total haptophytes which

themselves constituted only a minor fraction of the total phytoplankton community. In

winter, alkenone concentration was highest at the surface and displayed relatively

uniform values with depth throughout the nutrient-replete euphotic zone. In summer, it

display a subsurface peak in nitrate-depleted waters situated just above the nitracline and

the deep chlorophyll maximum layer (DCML), a feature found to be well-developed at

most sites. Maximum biomarker abundance was comparable in the two seasons, although

the putative alkenone-producing coccolithophore species were more abundant in winter

than in summer. Estimates of cellular alkenone content for the combined abundance of

E. huxleyi and G. oceanica at each sampling depth showed that cells residing in the nitrate-

depleted upper euphotic zone in summer were typically more enriched than those

residing in nutrient-replete waters found deeper in the euphotic zone or throughout the

euphotic zone in winter. The former estimates were very similar to values documented in

laboratory cultures of E. huxleyi harvested in a nutrient-depleted stationary growth phase

and the latter to those harvested in an exponential growth phase, under the influence of

incipient light limitation. Overall, our findings imply that calcifying forms of E. huxleyi and

G. oceanica can account for the measured alkenone concentration at all sites and sampling

times. Although the life history of these organisms is known to include non-calcifying

stages, it is unnecessary to invoke such an explanation as the cause for the elevated

alkenone content of cells from nutrient-depleted surface waters in summer.

& 2008 Elsevier Ltd. All rights reserved.
. All rights reserved.

: +1541737 2060.

G. Prahl).
1. Introduction

Oceanographic conditions in the Gulf of California
(GoCAL) show characteristic seasonal contrasts. Strong,
dry northerly winds in winter result in significant
upwelling, focused primarily in the eastern gulf. Weak,
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humid, southeasterly winds in summer yield far less
intense, more episodic upwelling focused along the
western side of the gulf (Roden, 1964) and stable, strongly
stratified water column conditions throughout the central
GoCAL basin (see discussion in White et al., 2007). This
physical forcing of the system also leads to very large
seasonal changes in sea-surface temperature (SST), from
�15 1C in winter to X30 1C in summer. In fact, surface
waters in winter are so well mixed that the complete
euphotic zone (p50 m) is essentially isothermal (e.g.
Ziveri and Thunell, 2000). In contrast, surface waters in
summer are highly stratified thermally with a pronounced
deep chlorophyll maximum layer (DCML) often developed
at 25–30 m or deeper depending upon location (e.g., Goñi
et al., 2001). The DCML lies within the dimly lit euphotic
zone but below the depth represented by satellite-derived
ocean color data (White et al., 2007). Ocean color shows
large seasonal contrast, with highest detected chlorophyll
concentration in winter (X2 mg m�3) and lowest in
summer (�0.25 mg m�3) (see Fig. 3 in Ziveri and Thunell,
2000), reflecting a putative higher net primary production
in surface waters in winter than in summer (e.g., Kahru
et al., 2004).

Biogenic fluxes measured �500 m below the sea
surface in multiyear (1989–1996) sediment-trap time
series from Guaymas Basin in the central GoCAL provide
a record of export production from the euphotic zone
(Thunell, 1998). Opal flux, primarily diatom-derived with
minor contribution from silicoflagellates (Thunell et al.,
1996), peaked in the late fall to early spring. In contrast,
opal flux was lowest in summer while calcium carbonate
flux, derived from combined foraminiferal and coccolitho-
phore sources, was highest in the summer to early fall
period. The record from a portion of this time series (July
1990–December 1992) showed that the coccolithophore
export is dominated by two species, Emiliania huxleyi and
Geophyrocapsa oceanica, which alternate on a seasonal and
interannual basis (Ziveri and Thunell, 2000). Surprisingly,
the time series record for organic carbon flux throughout
the long, monthly resolved data set of Thunell (1998)
showed no clear seasonal trend. This lack of seasonality
implies that ecological processes affecting sedimentation
in summer are as efficient in controlling organic matter
export from the euphotic zone as those in winter. The
ballasting effect of small carbonate particles (i.e., cocco-
liths) on sinking organic carbon (Ziveri et al., 2007) may
provide some explanation for the apparent enhanced
export efficiency for organic matter in summer.

Long-chain (C37–39), di- and tri-unsaturated alkenones
are produced by a limited suite of haptophytes and are
believed to serve in the open ocean as biomarkers for two
renowned coccolithophores, E. huxleyi and G. oceanica

(e.g., Conte et al., 1998; Volkman et al., 1995). Stratigraphic
records for these biomarkers in sediments are acquired
most notably for reconstructing changes in SST (Brassell
et al., 1986; Muller et al., 1998) but also, in some cases,
for reconstructing coccolithophore paleoproductivity
(Schneider et al., 1996; Schulte et al., 1999; Villaneuva
zet al., 1998). To date, comparison of quantitative results
for alkenones and alkenone-producing haptophytes in the
field has rarely been done. In particular, information is
lacking on the amount of alkenones produced per cell by
the coccolithophore community under different oceano-
graphic conditions, on the depth range and seasonality of
their production within the euphotic zone and on the
mechanisms regulating their export to the seafloor.
Knowledge gained by illuminating such details would
almost certainly advance use of these biomarkers as
paleoceanographic proxies.

Goñi et al. (2001) examined alkenone export flux in
Guaymas Basin using a two-year (January 1996–October
1997) portion of the same sediment-trap time series
examined by Thunell (1998) and Ziveri and Thunell
(2000). Measured alkenone flux displayed a temporal
pattern roughly paralleling that for total calcium carbonate
(CC) (Goñi et al., 2001), with maximum values occurring in
late spring to fall (May–June to November) and minimum
values in winter. Although a correlation between alkenone
and CC flux might be expected, it is likely not due to simple,
direct cause-effect. In fact, CC captured in sediment traps
like those employed by Goñi et al. (2001) can derive from
more than just coccolithophores. Especially in the larger
fraction, biogenic carbonate particles include a significant
contribution from foraminiferal and pteropod sources (see
Fig. 13 in Ziveri and Thunell, 2000).

No detailed information exists on the seasonal dis-
tribution of alkenone standing stock within the water
column of the GoCAL, particularly in context with the
distribution of E. huxleyi and G. oceanica. Consequently, we
gathered such information on two summer cruises (2004,
2005) and one winter cruise (2005). Through analysis of a
variety of chemical and ecological properties, results from
our fieldwork show that: (1) E. huxleyi and G. oceanica are
the most important contributors to the coccolithophore
community year round in surface waters of the GoCAL but
make up only a small fraction of the overall phytoplankton
or haptophyte community; (2) the standing stock of these
species in surface waters does not differ dramatically
between summer and winter, although depth distribu-
tions in the euphotic zone are fundamentally dissimilar
in these two seasons; (3) coccolith-bearing forms of
E. huxleyi and subordinate G. oceanica are the dominant
alkenone-producing haptophyte species year round in
GoCAL surface waters; and (4) as a consequence of
nutrient stress on the physiology of these organisms,
alkenone-producing cells residing in nitrate-depleted
surface waters of the GoCAL in summer contain much
higher alkenone content than those residing in low-light,
nutrient-replete deeper waters of the euphotic zone in
summer or throughout the euphotic zone in winter.
2. Materials and methods

2.1. Cruises

Three cruises were conducted in the GoCAL aboard the
R/V New Horizon: GoCAL1 (July–August 2004), GoCAL2
(February 2005) and GoCAL3 (July–August 2005). On all
three cruises, one site was always sampled (Guaymas
Basin, Station 2–27.51N, 111.31E). On the last summer
cruise, three additional sites were sampled (Guaymas
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Basin, Station 1–27.01N, 111.41 W; Delfin Basin, Station
3–30.11N, 113.91W; Carmen Basin, Station 4–26.41N,
110.71W, see Fig. 1).

2.2. Water column survey and sampling

Temperature and salinity data for the top 100 m of the
water column at each site were collected with a Seabird
SBE 9 CTD. The CTD was also equipped with additional
sensors to measure in situ dissolved oxygen concentration,
chlorophyll fluorescence and Photosynthetically Active
Radiation (PAR).

Water samples were collected at selected depths using
a rosette of twenty-four 10 L bottles attached to the CTD
package. Several casts were made at each station in order
to obtain sufficient material for all of the chemical and
biological analyses. Samples were labeled with the cruise
name (GoCAL1, 2 or 3), site (1, 2, 3 or 4) and sequential
cast number (e.g. GoCAL12-2). Given observed changes in
T and S profiles with depth over multiple casts at a given
site, which were related to semi-diurnal tidal effects,
correlation analysis of different biological/chemical prop-
erties was only done for measurement of samples
collected from the same casts.

2.3. Photosynthetically Active Radiation

Profiles of in situ PAR has been introduced in 2.2 were
measured with a CTD-mounted PAR sensor (Biospherical
Fig. 1. Map of the study area identifying the sites sampled in summer 2004 (Go
Instruments QSP-2300). The PAR profiles were used to
calculate a light attenuation coefficient (kPAR) for each
station following Letelier et al. (2004), assuming expo-
nential PAR decrease with depth:

PAR ¼ ae�kPARz (1)

where a is PAR determined just below the surface (SPAR)
and z is depth (see Popp et al., 2006). Daily (24 h averaged)
SPAR for each sampling site, averaged over 8 days and a
27 km�27 km swath, was determined using the algo-
rithm described by Frouin et al. (http://oceancolor.gsfc.
nasa.gov/DOCS/seawifs_par_algorithm.pdf) and SeaWiFS
satellite data available from the NASA Ocean Color web
database (http://oceancolor.gsfc.nasa.gov/). Given a site
specific fit for Eq. (1), the base of the euphotic zone,
signified by the 1% light level, was defined for each
sampling site. Average PAR at a particular depth (PARz)
was calculated by Eq. (1) using values for SPAR and the
site specific kPAR.
2.4. Nutrient analyses

Nitrate, nitrite and phosphate concentrations were
determined shipboard within 24 h of collection by
standard manual spectroscopic methods (Strickland and
Parsons, 1972). In this paper, only nitrate data are
presented.
CAL12), winter 2005 (GoCAL22) and summer 2005 (GoCAL31-GoCAL34).

http://oceancolor.gsfc.nasa.gov/DOCS/seawifs_par_algorithm.pdf
http://oceancolor.gsfc.nasa.gov/DOCS/seawifs_par_algorithm.pdf
http://oceancolor.gsfc.nasa.gov/
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2.5. Coccolithophore assemblages

From each sampling depth, two liters of seawater were
filtered on cellulose nitrate and polycarbonate filters (0.45
and 0.4mm pore size, respectively, 47 mm diameter) using
low-vacuum filtration. To eliminate sea salt, each filter
was then rinsed with buffered water (63 mL NH4OH in
500 mL of distilled water). The filters were used to
Fig. 2. Profiles of biological and chemical measurements made in the upper 100

winter 2005, and (c–f, i–l) summer 2005. The measurements include two made

calibrated chlorophyll a fluorescence (dotted line)—and the remainder made on

CTD package—nitrate (open diamonds), 190-hexanoyloxyfucoxanthin (190Hex, s

coccolithophore (white bar), E. huxleyi (dashed bar) and G. oceanica (gray bar) ab

of the euphotic zone, defined by the 1% light level. This depth was calculated u

light attenuation coefficients kPAR and satellite-derived surface PAR values (Go

s�1; GoCAL31: 0.103 m�1, 1197 mEin m�2 s�1; GoCAL32: 0.084 m�1, 1139 mEin m

1215mEin m�2 s�1). Detailed discussion of the determination of kPAR can be foun

data (see Section 2.3 for further details).
determine coccolithophore taxonomic composition and
cell density by polarized light (LM) and scanning electron
(SEM) microscopy. Samples from the first summer cruise
(GoCAL1) and the winter cruise (GoCAL2) were stored
frozen and analyzed under SEM (JEOL JSM-6301F) in the
laboratory. Samples from the second summer cruise
(GoCAL3) were immediately oven dried at 40 1C. The
cellulose nitrate filter was then analyzed shipboard by LM
m at different sites in the Gulf of California in (a, g) summer 2004, (b, h)

remotely using a CTD package—water temperature (solid line), externally

discrete water samples collected using a rosette of water bottles on the

olid circles) and alkenone (K37s, solid triangles) concentrations and total

undances. The horizontal dotted line shown in all graphs depicts the base

sing equation #1 and empirically determined site-specific values for the

CAL12: 0.179 m�1, 1168 mEin m�2 s�1; GoCAL22: 0.075 m�1, 905 mEin m�2

�2 s�1; GoCAL33: 0.096 m�1, 1152 mEin m�2 s�1; GoCAL34: 0.098 m�1,

d in Letelier et al. (2004). Surface PAR values are from SeaWiFS satellite
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Table 1
Summary of biological and chemical results obtained from analysis of suspended particulate materials in waters collected throughout the euphotic zone at various sites in the Gulf of California in summer 2004

(GoCAL12), winter 2005 (GoCAL22) and summer 2005 (GoCAL31-4)

Depth Chl aa

(ng L�1)

190Hexa

(ng L�1)

Fucoa

(ng L�1)

Cast

numberb

Total cells

(cs L�1)

%E. huxleyi+

G. oceanica

%E. huxleyi/E. huxleyi+

G. oceanica

Cast

Numberb

K37
a

(ng L�1)

Cast

numberb

GoCAL12

2 1330 93 1170 12 46�103 30 38 2

3 852 79 845 25 48�103 45 33 25

5 848 81 798 25 30�103 66 42 25 29.8 24

10 925 90 875 25 120�103 75 41 14 49.3 14

15 932 107 612 25 48�103 68 35 25

20 869 88 436 25 40�103 59 86 25

25 785 91 414 25 110�103 63 97 2 5.4 17

27 41�103 67 62 7 17.9 7

30 1071 81 544 25 43�103 51 89 25 26.2 29

35 584 61 349 25 23�103 46 73 2 51.3 33

41 255 24 207 25 42�103 42 81 25 9.8 24

51 117 16 101 25 8.9�103 43 78 2

71 56 12 41 25 13�103 38 80 25

100 35 11 23 12

GoCAL22

0 613 97 164 20

5 624 96 158 20

10 644 95 166 20 120�103 83 89 11 51.3 12

16 688 99 169 20 53.9 13

21 682 97 171 20 69�103 88 98 11 55.6 12

26 570 85 149 20 130�103 87 98 11 37.6 13

31 551 87 152 20 32.9 12

35 500 76 149 20 31.1 13

40 425 66 135 20

51 85 15 55 20

71 41 11 30 20

101 28 14 20

GoCAL31

2 114 12 9 34�103 61 11 9

6 119 21 11 11 36�103 69 11 11 27.7 11

11 223 27 34 10 55�103 75 7 10 61.9 10

12 148 24 67 14 36�103 41 14 14 24.9 14

17 335 38 76 10 24�103 55 45 10 32.5 10

21 516 76 75 10 40�103 89 56 10 63.3 10

22 275 46 26 14 31�103 80 32 14 19.3 14

26 857 177 213 11 30�103 87 61 11 57.9 11

31 501 132 76 16 24�103 84 49 16 26.6 16

32 2008 242 761 8 61�103 92 58 8 23.2 8

36 849 262 180 16 43�103 94 64 16 40.3 16

37 983 207 235 8 49�103 80 80 8 16.7 8

41 834 134 271 8 54�103 64 91 8 15.8 8

52 330 54 196 9 33�103 52 86 9

72 65 9 6.8�103 77 95 9

101 23 9 4.3�103 81 85 9

E
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a
l.
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GoCAL32

2 268 31 35 2 14�103 37 91 2

6 259 33 29 2 16�103 34 92 5 12.9 5

11 259 34 38 2 16�103 40 88 3 10.6 3

16 244 35 32 2 22�103 62 96 1 39.3 1

21 486 77 65 2 36�103 77 99 2

26 509 98 96 2 25�103 77 97 1 75.0 1

26 44�103 92 97 5 90.2 5

31 618 148 83 2 41�103 87 96 3 81.5 3

37 701 139 184 2 87�103 73 90 1 36.1 1

42 504 117 180 2 71�103 58 94 3 15.4 3

52 131 31 66 2 20�103 57 96 2

72 19 14 2 5�103 70 75 2

101 2.5�103 100 90 2

GoCAL33

2 87 17 14 1 30�103 61 100 1

6 161 37 42 9 27�103 50 99 10 20.0 10

6 118 25 24 1 38�103 63 100 1

11 122 23 37 1 51�103 80 95 1

11 90 25 9.8 4 38�103 59 99 4 47.1 4

16 156 44 85 1 55�103 89 96 1

18 54 25 35 4 52�103 90 95 4 107 4

24 68 35 120 4 46�103 96 91 4 86.5 4

26 262 70 204 1 39�103 91 94 10 77.9 10

31 170 82 163 3 120�103 96 90 3 138 3

36 2633 45 2844 1 33�103 74 37 1

37 3278 88 4597 3 42�103 88 58 3 45.0 3

41 3356 41 2930 3 20�103 71 37 3 19.9 3

52 11�103 58 28 1

72 87 143 1 6�103 55 70 1

102 31 44 1 4.1�103 59 68 1

GoCAL34

2 92 15 4.6 7 7.6�103 45 65 7

7 152 25 13 11 20�103 49 21 11 10.7 11

11 315 25 12 8 5.8�103 62 50 8 55.6 8

12 115 20 11 7 6.4�103 46 52 7

16 150 28 16 8 7.9�103 51 62 8 10.3 8

17 110 22 11 7 6.2�103 41 67 7

21 324 36 55 7 20�103 78 83 7

22 190 45 30 11 89�103 50 58 11 20.6 11

26 640 69 115 7 38�103 72 100 7 37.1 6

30 18 25 8.9 6 33�103 73 94 6 33.8 6

31 833 109 159 7 27�103 69 97 7

37 626 97 80 8 27�103 78 96 8 2.9 8

42 202 123 94 6 33�103 82 99 6 17.8 6

52 1007 213 289 7 82�103 46 93 7

71 58 16 32 7 3.6�103 58 87 7

103 5.8 6.2 7 0.8�103 50 100 7

a Chl a: chlorophyll a; 190Hex: 190-hexanoyloxyfucoxanthin; Fuco: fucoxanthin; K37s: sum of di- and tri-unsaturated C37 ketones.
b Codes identifying CTD cast number for each set of measurements.
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while the polycarbonate filter was stored for SEM analysis
in a shore-based laboratory.

For both counting methods, 100 to 300 intact cells
(coccospheres) were enumerated from a known portion of
the filter for each sample. These results combined with
volume filtered were then used to estimate the cell
abundance for total coccolithophores as well as the two
dominant contributing species E. huxleyi and G. oceanica.
For quantification by LM, a surface area of 2–6 mm2 was
scanned at 1250� along radial transects on a slice of
cellulose nitrate filter mounted on a glass slide. For
quantification by SEM, a small portion of the polycarbo-
nate filter was mounted on a brass stub and coated with
15 nm of gold palladium. Randomly selected transects
were then counted from the center to the edge of the filter
mount at a magnification of 4000� .

The two counting methods gave comparable results
in terms of abundance (coccospheres per liter, cs L�1) and
assemblage composition for well-calcified species, such as
G. oceanica and E. huxleyi. However, LM investigation may
underestimate total coccolithophore abundance, as it does
not allow recognition of slightly calcified species (i.e.
Papposphaera spp., Pappomonas spp. and some holococco-
lithophores), which are detected by SEM. Therefore, we do
not focus in this paper on the total coccolithophore
assemblage composition or species diversity but rather on
the abundance and distribution of the two well-known
alkenone-producing species, E. huxleyi and G. oceanica,
whose recognition and quantification by LM is unchallenged.

2.6. Suspended particulate matter: alkenones

Alkenone concentrations (ng L�1) and composition were
determined by methods modified only slightly from those
described elsewhere (see Prahl et al., 2005). The major
difference in methodology was use of (1) an automated
system (AS-200) to solvent extract alkenones from suspended
particulate materials (SPM) on glass fiber filters (GFF) and (2)
a standard reference compound (hexatricontan-2-one,
K36:0 m) synthesized as a surrogate to correct for recovery
efficiency (typically 80–90%). Only recovery-corrected con-
centration data for the alkenones are presented. Full details of
alkenone compositional data will be reported elsewhere.

2.7. Suspended particulate matter: pigments

Chlorophyll a and specific carotenoid (fucoxanthin, 190-
hexanoyloxyfucoxanthin) content were analyzed in SPM
filtered under gentle vacuum from 2 L water samples onto
25 mm GFF. Details of the extraction method and high
pressure liquid chromatographic method employed for
this analysis are given elsewhere (Popp et al., 2006;
Wright et al., 1991).

3. Results

3.1. General hydrographic characteristics of the euphotic

zone

The upper water column at all sites in summer (Fig. 2a,
c–f) was characterized by the presence of a steep
thermocline, which separated nitrate-depleted, but phos-
phate and silicate replete surface waters from nutrient-
replete, deeper waters. The thermocline began at �15 m
depth at each site except GoCAL33, the only site in our
study that lay north of the Mid Riff Islands (Fig. 1). At
GoCAL33, the thermocline started much shallower (�5 m).
At all sites, the top of the nitracline occurred significantly
deeper than the top of the thermocline but the offset in
depth between these hydrographic features was not the
same from site to site. As gauged by PAR measurements,
the base of the euphotic zone (�1% light level) was located
between 40 and 50 m at all stations, except for GoCAL1,
where it occurred significantly shallower (�28 m).

During winter (Fig. 2b), the base of the euphotic zone
occurred at �62 m depth. Waters in the upper �40 m were
isothermal and a weak but discernable thermocline
existed beneath. Although a relatively steep nitracline
was apparent below 30 m, nitrate as well as phosphate
and silicate concentrations were replete throughout the
overlying surface mixed layer (SML).
3.2. Pigment profiles in the euphotic zone

At all sites studied in the summer, the profile of CTD-
derived chlorophyll a (Chl a) concentration shows that a
DCML occurred between 30 and 50 m, which was at or
slightly above the top of the nitracline (Fig. 2a–f). The
DCML was quite pronounced at all sites in summer 2005
(Fig. 2c–f). Although also present in summer 2004, its
absolute intensity was notably less and Chl a concentra-
tions in overlying surface waters (upper �15 m) were
much greater than in summer 2005 (Fig. 2a). During
winter (Fig. 2b), Chl a concentrations were enhanced in
the euphotic zone, with nearly constant values displayed
throughout the upper 40 m. Below 40 m, concentrations
decreased monotonically with increasing water depth.

Discrete depth measurements of the accessory photo-
synthetic pigments 190-hexanoyloxyfucoxanthin (190Hex,
Fig. 2g–l), fucoxanthin (Fuco) and Chl a were made at all
sites on all three cruises (Table 1). In the entire data
set, concentrations for both carotenoids displayed a
strong, positive correlation with Chl a concentration
(e.g., see Fig. 3a). At all sites in summer 2005, 190Hex
concentrations displayed a subsurface peak beneath the
SML that maximized somewhat shallower than the DCML
defined by remote fluorimetric measurements from the
CTD package. This peak was clearly evident at GoCAL31, 32
and 34 but was not as conspicuous at GoCAL33, the only
site located north of the Mid Riff Islands (Fig. 1). At
GoCAL33, Chl a concentrations in the DCML were 5–10
times higher than observed at all other sites. Although
190Hex concentrations measured in these waters appeared
relatively depressed, Fuco concentrations were found, like
the case for Chl a, to be highly enriched. In summer 2004
(GoCAL12), there was no evidence for such a subsurface
maximum in 190Hex concentration. Rather, this pigment
displayed uniform concentrations throughout the ther-
mally stratified euphotic zone (Fig. 2a). In winter
(GoCAL22), when stratification was essentially absent
due to deep surface mixing, all pigment concentrations
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Fig. 3. Scatterplots for (a) 190-hexanoyloxyfucoxanthin (190Hex) versus chlorophyll a (Chl a) concentration, (b) 190Hex versus combined E. huxleyi and G.

oceanica abundance, and (c) total C37 alkenone (K37s) concentration versus combined E. huxleyi and G. oceanica abundance measured in all samples

collected as part of this study throughout the euphotic zone in the Gulf of California (all data from Table 1). To aid interpretation, each graph is annotated

with relevant compositional information available from the literature for E. huxleyi grown under laboratory-controlled, batch-culture conditions. In (a),

the 100% value corresponds to a 190Hex to Chl a mass ratio of 0.78. In (b) the 100% value corresponds to a 190Hex concentration of 0.079 pg cell�1 of

combined E. huxleyi and G. oceanica. In (c) the alkenone cellular concentration for nutrient-stressed (2 pg cell�1), exponentially growing (0.75 pg cell�1)

and light-limited (0.25 pg cell�1) cultured E. huxleyi cells are indicated. For further explanation, see Sections 4.2, 4.3 and 4.4, respectively.
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displayed relatively constant concentrations throughout
the upper 40 m (e.g., see Fig. 2b, h).
3.3. Coccolithophore assemblage and abundance in the

euphotic zone

Coccolithophores were distributed throughout the
whole euphotic zone in summer and displayed compar-
able abundance (averaging �3–4�104 cs L�1) and assem-
blage composition in the two years investigated (Fig. 2g–l,
Table 1). However, specific features of the depth distribu-
tion for coccolithophore assemblages differed notably at
the same site in the summer of 2004 and 2005. For
example, the standing stock of coccolithophores was
relatively invariant with depth through the euphotic zone
in summer 2004 (GoCAL12, Fig. 2g), while the profile at
the same site in summer 2005 (GoCAL32, Fig. 2j)
displayed constant low values in the SML, increasing with
depth to maximum concentrations at �40 m. Further-
more, a maximum in coccolithophore standing stock
below the SML was apparent to varying degrees through-
out the broad region of the GoCAL examined in summer
2005 (see Fig. 2i–l). Although the distributional pattern
mimics that for 190Hex, an accessory pigment character-
istic of coccolithophores (Jeffrey and Wright, 1994), the
correspondence is not exact.

In winter 2005, coccolithophore standing stock was
higher (averaging 11�104 cs L�1) than in either summer.
At the limited level of resolution available, the assemblage
showed little change with depth through the isothermal,
nutrient-replete euphotic zone.

In all three study periods, the composition of the
coccolithophore assemblage was typical of that docu-
mented for tropical-subtropical areas of the world
ocean (McIntyre and Bè, 1967; Okada and Honjo, 1973).
In both summers, it displayed high diversity and a
clear depth distribution of species. Nonetheless, the
most abundant coccolithophore species noted both spa-
tially in summer 2005 and seasonally were the re-
nowned alkenone-producing haptophytes E. huxleyi and
G. oceanica. On average, these two species accounted for
�65% and 85% of the summer and winter assemblage,
respectively (Table 1). Gephyrocapsa ericsonii, another
likely alkenone-producing species (Brassell, 1993), was
also detected but contributed little (p5%) to the observed
total coccolithophore community in any of our three study
periods.
3.4. Alkenone concentrations in the euphotic zone

Depth profiles for total C37 alkenones (K37s, sum of di-
and triunsaturated C37 ketones) are shown for each GoCAL
station (Fig. 2a–f). In winter, alkenone concentration was
relatively constant in the upper 20 m (�50–60 ng L�1) of
the euphotic zone and dropped by�40% with depth below
(Fig. 2b). This structure occurred within isothermal
conditions (18.7 1C) for the upper �40 m. The profile for
nitrate concentration at this location indicated that this
nutrient was replete throughout the euphotic zone. Values
were uniform (�5mM) but only to 30 m, below which a
steep nitracline existed (Fig. 2b). The latter observation
indicates that some degree of stratification restricted
significant surface mixing to the upper 30 m.

In contrast, surface waters in both summers were
highly stratified thermally, displaying a temperature
gradient of 6–10 1C in the upper 40 m. At three of
the four sites studied in summer 2005, the depth
profile for alkenone concentration displayed maximum
concentrations below the SML (Fig. 2d–f), excluding
an isolated peak value at �10 m at GoCal34. In all three
cases, the depth of the maximum occurred �10–15 m
shallower than the DCML. In the fourth case from
summer 2005 (GoCAL31, Fig. 2c) and in summer 2004
(GoCAL12, Fig. 2a), alkenone concentration was highest
and relatively uniform throughout the upper 20–25 m of
the euphotic zone, decreasing with greater depth. The
profile at these sites was, in fact, quite like the winter
profile.
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4. Discussion

4.1. Coccolithophore standing stock

Prior to the present study, there existed no direct
assessment of the depth distribution of total coccolitho-
phore assemblage and standing stock in GoCAL surface
waters. However, based on sinking flux measured in long-
term, monthly-resolved sediment-trap time series, Ziveri
and Thunell (2000) found that the coccosphere and
coccolith assemblage was dominated by two major
species, E. huxleyi and G. oceanica and that their relative
importance changed significantly on distinctive seasonal
and interannual cycles regulated by ENSO variability. They
found that G. oceanica dominated the coccolith and
coccosphere fluxes and, by inference, the standing stock
of surface waters in late summer to early winter during
weak- or non-ENSO intervals, while E. huxleyi dominated
the flux and, by inference, the standing stock of surface
waters in spring to early summer during strong ENSO
conditions. Intervals of pronounced ENSO conditions
were coincident with flux maxima for total coccolitho-
phores (Ziveri and Thunell, 2000), high fluxes of total
calcium carbonate and lower opal-to-carbonate ratios
(Thunell, 1998), which resulted in lower total mass fluxes
in the GoCAL.

The temporal sampling resolution of our study did not
allow us to assess the effect of ENSO and non-ENSO
conditions on coccolithophore abundance and distribution
in surface waters. But, in the case of our two summer and
one winter study periods, the abundance of E. huxleyi in the
upper water column was typically greater than that of
G. oceanica (Table 1). On average, G. oceanica accounted for
only 5% and 28% of its combined abundance with
E. huxleyi in winter and summer, respectively. Nonetheless,
G. oceanica dominated over E. huxleyi at the shallowest
depths in summer 2004 (GoCAL12, Fig. 2g) and in summer
2005 at GoCAL31 (Fig. 2i). Gephyrocapsa oceanica was also
present in significant abundance in the deepest waters
(20–40 m) of the euphotic zone at GoCAL33 (Fig. 2k). The
anomalous depth distribution at GoCAL33, our only site
located north of the Mid Riff Islands (Fig. 1), could be
related to the high nutrient availability at the DCML,
marked by a 5–10-fold enrichment in Chl a relative to all
other GoCAL sites (Table 1 and Fig. 2a–f). Nutrient and
micronutrient concentrations and relatively warm tem-
perature have, in fact, been cited as important environ-
mental factors controlling the distribution of this species
(Böckel and Baumann, 2004; Ziveri et al., 2004). Beyond
these generalizations about our data set, however, no more
systematic temporal or spatial pattern seems apparent in
the variation of coccolithophore standing stock or the
proportion of E. huxleyi to G. oceanica.
4.2. Haptophyte contribution to phytoplankton standing

stocks

The carotenoid 190-hexanoyloxyfucoxanthin (190Hex) is
common in most haptophyte (class Prymnesiophyceae)
algae (Wright et al., 1991), which include coccolithophores
(van Lenning et al., 2004). Although other phytoplankton
classes are known to biosynthesize 190Hex as an accessory
pigment (e.g., Chrysophytes: Letelier et al., 1993; certain
dinoflagellates: Moon-van der Staay et al., 2000; Tangen
and Björnland, 1981), this compound is traditionally
viewed as a biomarker for haptophytes (Anderson et al.,
1996; Everitt et al., 1990; Letelier et al., 1993; Mackey
et al., 1996). Thus, its analysis is now often employed
in combination with Chl a measurements to semi-
quantitatively estimate the biomass contribution of this
taxonomic group to the total phytoplankton community
(e.g. Popp et al., 2006; Shin et al., 2002).

In our study of the GoCAL, concentrations of 190Hex
and Chl a measured with depth through the euphotic zone
(Table 1, Fig. 2) were well correlated (r ¼ +0.88–0.98) at all
but one site (Fig. 3a). For GoCAL33, the only sampling site
located north of the Mid Riff Islands (Fig. 1), a relatively
poor correlation (r ¼ +0.42) was found (Fig. 3a). This poor
correlation is attributed to the very different character-
istics of the DCML at this site and the apparent
preponderance of diatoms in this specific depth interval.
The DCML at GoCAL33 was enriched 5–10 times in Chl a

relative to all other GoCAL sites (Table 1, Fig. 2). Diatom
dominance was evident from microscopic analysis of
filtered cell samples and strongly reinforced by the
measured concentration ratio of fucoxanthin (Fuco) to
Chl a (1.170.3, Table 1), a value approaching what others
have employed to model diatom contribution to the total
Chl a-bearing phytoplankton community (�1.25, e.g.
Letelier et al., 1993).

However, strong correlation between 190Hex and Chl a

concentration does not imply necessarily that alkenone-
producing haptophytes are the dominant contributors to
phytoplankton biomass in the majority of our samples. A
190Hex/Chl a value of 0.5870.20 represents the average of
measurements for 16 different strains of E. huxleyi grown
in batch culture under identical conditions (70mEin m�2 s�1,
14 h:10 h light/dark cycle, 15 1C) and harvested during
exponential growth (Stolte et al., 2000). Even though there
is significant variability in this average (�30%) and the
absolute pigment concentration in phytoplankton cells is
significantly dependent on light and nutrient availability
(e.g., Fujiki and Taguchi, 2002), experimental results show
values for the relative proportion of 190Hex to Chl a

measured in a given strain of E. huxleyi are quite insensitive
to the physiological status of the cell (Stolte et al., 2000). As
illustrated in Fig. 3a, our field results all plot well below the
line defined by an endmember composition of 0.78 (0.58
plus 1s). In fact, with the exception of results for the DCML
at GoCAL33, the scale annotated on our scatterplot of
190Hex versus Chl a concentration data reveals that
haptophytes contribute only 10–25% to the total chloro-
phyll-bearing phytoplankton community. If an endmember
value of 190Hex/Chl a corresponding to the average for
E. huxleyi (i.e. 0.58) were chosen as representative of
all haptophytes, an even smaller contribution would be
suggested. The overarching conclusion drawn from
this simple interpretive approach is that haptophytes
are significant but, in all cases, minor components of
the chlorophyll-bearing phytoplankton biomass in these
samples.
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Fucoxanthin (Fuco), a carotenoid common in diatoms
(Barlow et al., 1993) but not unique to this class of
phytoplankton (Jeffrey et al., 1997), was also quantified in
all of our samples (Table 1). Analysis of these results (not
illustrated) indicate that Fuco was also relatively well
correlated with Chl a at each site although the quantita-
tive relationship varied more conspicuously from site to
site. Assuming a value of �1.25, the composition assigned
in the phytoplankton community composition model
presented by Letelier et al. (1993), defines the Fuco:Chl a

composition of average diatoms in the GoCAL, our results
suggest that diatoms accounted for �50% of the observed
Chl a abundance in GoCAL surface waters in summer 2004
but only �20–25% of that in winter 2005 and summer
2005. Therefore, diatoms were significant contributors to
the standing stock of phytoplankton in these waters but,
by this simple assessment, did not account entirely for the
missing inventory of Chl a, except perhaps in the case of
the DCML at GoCAL33.
4.3. Coccolithophore contribution to haptophyte standing

stocks

At each sampling site, the abundance of total cocco-
lithophores measured with depth broadly correlated with
190Hex concentration (Fig. 2, 3b). This finding may not
seem too surprising since the two dominant coccolitho-
phores in these waters, E. huxleyi and G. oceanica, are both
haptophytes and, as such, biosynthesize 190Hex. However,
the quantitative relationship between these two variables
was not as tightly constrained between sites as that
observed for the 190Hex to Chl a concentrations (Fig. 3a).
Furthermore, closer evaluation indicates the correlation
between total coccolithophore abundance and 190Hex
concentration is not because E. huxleyi and G. oceanica

are the dominant contributors to the 190Hex content of
these waters.

The cellular concentration of 190Hex reported for 16
different strains of E. huxleyi grown in batch culture under
controlled conditions (70 mEin m�2 s�1, 14 h:10 h light/dark
cycle, 15 1C) and harvested at an exponential stage of
growth averaged 0.079 pg cell�1 (Stolte et al., 2000).
Further experimentation with one of these strains showed
cellular 190Hex concentration was responsive to light and
nutrient availability. A 10-fold decrease and a 3-fold
increase in PAR yielded an �50% increase and decrease,
respectively, in the cellular 190Hex concentration. Nitro-
gen stress imposed on the cells under high light condi-
tions (200 mEin m�2 s�1) in a chemostat yielded a decrease
in 190Hex per cell of 30–60%, the magnitude being
inversely proportional to growth rate.

To our knowledge, similar experimental work with
G. oceanica cultures has not been done to date. Nonetheless,
a similar cellular concentration and biochemical response
to such physiological stress is presumed for G. oceanica

given that it is genetically close to E. huxleyi (Fujiwara et al.,
2001; Sáez et al., 2004). Assuming pure GoCAL field
specimens of E. huxleyi and G. oceanica contained
�0.079 pg of 190Hex per cell, we annotated our plot
(Fig. 3b) with a line indicating 100% contribution of these
two species to the 190Hex pool. This plot was also
annotated with five additional lines depicting the 190Hex
signal expected if cellular concentration were 25%, 10%, 5%,
2.5% and 1% of the value just assumed. Given these
graphical aides, our results suggest that these two species,
which represent on average 50 to 480% of the total
coccolithophore assemblage with E. huxleyi commonly
representing the dominant (Table 1), made a very minor
contribution (p10% and, in most cases, 2.5–5%) to the total
190Hex signal observed in waters of the GoCAL at all times.

In summertime GoCAL, light is much higher than
70mEin m�2 s�1 and nitrate is completely depleted in the
upper euphotic zone (Fig. 2). Thus, an endmember value
of 190Hex per cell that is 50% lower may be more
appropriate to use for our simple modeling purpose. Use
of such a value only reinforces our conclusion that
alkenone-producing cells such as E. huxleyi and G. oceanica

contribute quite insignificantly to the overall haptophyte
community in GoCAL waters.

Large variability in the morphology of both G. oceanica

and E. huxleyi was observed in the GoCAL water samples,
suggesting the possible contemporaneous presence of
different genotypes in the water samples analyzed. This
finding implies that different 190Hex contents might be
required for a quantitative assessment in the way we have
just put forth. However, current data from cultures do not
allow any clear sense of intraspecific variations in cellular
pigment content. Furthermore, contribution from the
other coccolithophore species, detected and quantified
microscopically in our samples, was not assessed because
of current lack of culture data on their species-specific
cellular 190Hex content.

Although we used an assumption that conceivably
underestimates the contribution in particular from
G. oceanica, our observations do imply quite convincingly
that 190Hex in GoCAL waters is derived predominantly
from sources other than coccolithophores. Essentially the
same quantitative conclusion was reached for waters in
the oligotrophic subtropical North Pacific using a concep-
tually similar analysis of alkenone data (Popp et al., 2006).
A small fraction of the apparent excess of 190Hex in our
samples could be due to non-calcifying stages of cocco-
lithophores. In fact recent work showed that most
coccolithophore species have complex life cycles char-
acterized by diploid and haploid phases, which display
different morphologies of the cell cover, including differ-
ent bio-mineralization patterns or the absence of calcifi-
cation (Cros et al., 2000; de Vargas and Probert, 2004;
Houdan et al., 2004). In the case of E. huxleyi and
G. oceanica, the diploid phase is calcifying whereas no
coccoliths are produced during the haploid phase (Frada
et al., 2006). These non-calcifying E. huxleyi and
G. oceanica cells have been shown by molecular biological
techniques to be an important component of the cocco-
lithophore community in some oceanographic environ-
ments (Campbell et al., 1994; Frada et al., 2006). But,
quantification of their abundance in relation to the
corresponding calcifying stages requires a specific techni-
que (i.e. COD-FISH, Frada et al., 2006), which has been
developed but not yet employed in routine assessments of
coccolithophore standing stock.
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4.4. Alkenone standing stock

In the GoCAL south of the Mid Riff Islands (Fig. 1), the
maximum concentration of total C37 alkenones observed
in the euphotic zone was similar between summer
(65717 ng L�1) and winter (56 ng L�1) stations (Fig. 2a–d,
f). GoCAL33, the one site sampled north of the Mid Riff
Islands in summer 2005, was the only notable exception,
displaying a maximum value (�140 ng L�1) more than
twice that observed at all sites from the southern GoCAL
in summer (Fig. 2e). From a cursory standpoint, finding
such a small seasonal difference in the alkenone standing
stock of GoCAL surface waters was unexpected, since
the sediment-trap time-series record for the flux of
this biomarker reported by Goñi et al. (2001) showed a
clear seasonal difference. Maximum and minimum alke-
none ‘export’ from the euphotic zone occurred during
thermally well-stratified conditions in summer (�10 mg
m�2 d�1, June –September) and isothermal upwelling
conditions in winter (�4 mg m�2 d�1), respectively. How-
ever, alkenone ‘export’ via sedimentation should not
necessarily correlate directly with the standing stock
in overlying surface waters as its value is a complex
function of production and the ecological processes,
such as losses due to grazing and sinking efficiency
tied to ballasting mechanisms, that control downward
transport.

Regardless of sampling sites or season, results for the
concentration of K37s plotted as a function of the
combined cell concentration of E. huxleyi and G. oceanica

broadly correlated and appear to fall into two clusters
(Fig. 3c). This correlation is again not unexpected, as these
two coccolithophore species represent the purported
dominant source of alkenones in the modern ocean
(Brassell, 1993). However, as alluded to in the prior
discussions of 190Hex and Chl a concentrations and total
coccolithophore abundance (Fig. 3a–b), significant corre-
lation may imply but does not necessarily demonstrate
that these organisms are the dominant source of the K37s

signal in our samples. But, our results in this case suggest
quite compellingly that E. huxleyi and G. oceanica are the
dominant source of alkenones in the GoCAL. The cellular
concentration of total C37�39 alkenones measured in batch
culture experiments of E. huxleyi range from 1 to 3 pg
cell�1 in the majority of reported cases (e.g., Conte et al.,
1998). Since C37 alkenones make up �50–60% of the total
alkenones in E. huxleyi (Prahl et al., 2006), the concentra-
tions of K37s in batch cultures suggest an alkenone cell
quota between 0.5 and 1.5 pg cell�1, values that approx-
imate cellular concentrations implied by this plot of our
field results (Fig. 3c).

Batch culture studies have revealed that the cellular
concentration of alkenones is responsive to physiological
growth factors. Alkenone cell quota can decrease with
increasing growth rate in exponentially dividing cells or
remain constant (Conte et al., 1998; Popp et al., 1998). In
addition, it also decreases when cells are exposed to
complete darkness for extended time periods (Epstein
et al., 2001; Prahl et al., 2003), which presumably reflects
utilization of alkenones as an energy source (Eltgroth
et al., 2005). In contrast, alkenone cell quota has been
shown in laboratory studies to increase in the stationary
growth phase imposed by nutrient deprivation (Conte et
al., 1998; Epstein et al., 1998; Prahl et al., 2003),
presumably because of production of these biochemicals
as energy storage reserves (Eltgroth et al., 2005). In batch
culture experiments with a well-studied strain of
E. huxleyi, cellular concentration of K37s in exponentially
dividing, nutrient- and light-replete cells (�0.75 pg cell�1)
increased to X2 pg cell�1 when nutrients (either nitrate or
phosphate) were depleted and decreased steadily to
�0.25 pg cell�1 when cells were exposed to 5 days of
continuous darkness (Prahl et al., 2003, 2006 and
unpublished results). A similar pattern has been observed
for E. huxleyi within an in situ, semi-closed mesocosm
bloom experiment performed at �12 1C (Benthien et al.,
2007). Constant cellular values of 0.8 and 1.5 pg cell�1

were measured for total C37 and C38 alkenones during the
exponential growth phase, increasing to maximum values
of 46 pg cell�1 when cells experienced nutrient-depleted,
stationary growth conditions.

Although these findings prevent use of alkenone
concentration to accurately assess the standing stock of
alkenone-producing cells in the field, analysis of this
property combined with cell enumeration has the poten-
tial to provide an assessment of the cell’s physiological
status in natural samples. Fig. 3c shows that the vast
majority of our field data fall within the space bounded by
values corresponding to those found for nutrient-stressed
cells and cells stressed by exposure to darkness in culture
(i.e. 0.25–2 pg K37s cell�1).

Surface waters in the GoCAL are highly stratified in
summer and depleted in nitrate to a depth of 25 m or
more, depending upon location, while those in winter are
more well-mixed and nitrate-replete throughout the
euphotic zone (Fig. 2a–f). As a consequence, cells collected
from shallow depths in the summertime euphotic zone
should express the effect of nutrient stress in their cellular
alkenone content while those collected throughout the
euphotic zone in winter, or from nutrient-replete but less
well-illuminated waters deeper in the summertime
euphotic zone, would not.

Depth profiles for the inferred cellular K37s concentra-
tion in our combined specimens of E. huxleyi and
G. oceanica were plotted for each sampling site (Fig. 4)
to determine if such trends are apparent in the distribu-
tion for our data set. Overall, the observed pattern seems
to follow consistently with the scenario just presented.
Cellular concentrations of K37s are highest in the nitrate-
depleted upper portion of the euphotic zone at each
sampling site in summer, displaying values consistent
with the physiological impact of nutrient stress. Alkenone
cell quota then decreased with depth to a magnitude
similar to that expected in exponentially dividing cells or
cells subjected to incipient light stress. In winter, values
measured throughout the euphotic zone were also most
consistent with this latter expectation.

Although these findings do not prove physiological
controls on the cellular content of alkenones, they
certainly provide compelling evidence in support of them.
Based on these results, we conclude that (1) E. huxleyi

and G. oceanica are the dominant alkenone-producing
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Fig. 4. Depth profiles for the apparent total C37 alkenone (K37s) concentration per cell of the total calcified community of E. huxleyi and G. oceanica

enumerated at our Gulf of California study sites in (a) summer 2004 (GoCAL12), (b) winter 2004 (GoCAL22) and (c–f) summer 2005 (GoCAL31-4). The

profile for nitrate concentration is also shown for each site (dashed line). The vertical dotted lines indicate the alkenone concentration measured in

exponentially dividing (0.75 pg cell�1), dark-stressed (0.25 pg cell�1) and nutrient-stressed (2 pg cell�1) cells of the reference strain of E. huxleyi when

grown under different laboratory controlled conditions (Prahl et al., 2003).
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haptophyte species throughout the euphotic zone of the
GoCAL in both winter and summer and (2) alkenones in
these waters derive predominantly from calcified forms of
these species, with no need to invoke contribution from
non-calcifying stages. It is known, in fact, that coccolitho-
phores have complex life histories involving haploid and
diploid forms which may be calcified, covered by organic
scales or simply naked (de Vargas and Probert, 2004).
Clearly, given just the information we now have available,
the presence of non-calcified forms of E. huxleyi and
G. oceanica in the GoCAL cannot be discounted as a
contributing factor for the apparent elevated cellular K37s

concentrations in summertime, nitrate-depleted surface
waters. But, molecular biological tools are now available
(e.g., Frada et al., 2006) to objectively test the biological
oceanographic hypothesis we now pose: the standing
stock of non-calcified forms of alkenone-producers is
quantitatively insignificant in surface waters of the GoCAL
relative to that of calcified forms.
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2004. Holococcolithophores-heterococcolithophores (Haptophyta)
life cycles: flow cytometry analysis of relative ploidy levels.
Systematics and Biodiversity 1, 453–465.

Jeffrey, S.W., Wright, S.W., 1994. Photosynthetic pigments in the
Haptophyta. In: Green, J.C., Leadbeater, B.S.C. (Eds.), The Haptophyte
Algae. Clarenden Press, Oxford, pp. 111–132.

Jeffrey, S.W., Mantoura, R.F.C., Bjornland, T., 1997. Data for the identifica-
tion of 47 key phytoplankton pigments. In: Jeffrey, S.W., Mantoura,
R.F.C., Wright, S.W. (Eds.), Phytoplankton Pigments in Oceanography:
Guidelines to Modern Methods. Monographs on Oceanographic
Methodology, Vol. 10. SCOR–UNESCO, UNESCO Publishing, Paris,
pp. 449–559.

Kahru, M., Marinone, S.G., Lluch-Cota, S.E., Pares-Sierra, A., Mitchell, B.G.,
2004. Ocean-color variability in the Gulf of California: scales from
days to ENSO. Deep-Sea Research II 51, 139–146.

Letelier, R.M., Bidigare, R.R., Hebel, D.V., Ondrusek, M., Winn, C.D., Karl,
D.M., 1993. Temporal variability of phytoplankton community
structure based on pigment analysis. Limnology and Oceanography
38, 1420–1437.

Letelier, R.M., Karl, D.M., Abbott, M.R., Bidigare, R.R., 2004. Light driven
seasonal pattern of chlorophyll and nitrate in the lower euphotic
zone of the North Pacific Subtropical gyre. Limnology and Oceano-
graphy 49, 508–519.

Mackey, M.D., Mackey, D.J., Higgins, H.W., Wright, S.W., 1996. CHEMTAX-
a program for estimating class abundances from chemical markers:
application to HPLC measurements of phytoplankton. Marine
Ecology Progress Series 144, 265–283.
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